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Magnetic fields quench the kinetic energy of two dimensional electrons, confining them to highly degenerate
Landau levels. In the absence of disorder, the ground state at partial Landau level filling is determined only
by Coulomb interactions, leading to a variety of correlation-driven phenomena. Here, we realize a quantum
Hall analog of the Nee´l-to-valence bond solid transition within the spin- and sublattice- degenerate monolayer
graphene zero energy Landau level by experimentally controlling substrate-induced sublattice symmetry break-
ing. The transition is marked by unusual isospin transitions in odd denominator fractional quantum Hall states
for filling factors ν near charge neutrality, and the unexpected appearance of incompressible even denominator
fractional quantum Hall states at ν = ±1/2 and ±1/4 associated with pairing between composite fermions on
different carbon sublattices.
Clean two dimensional electron systems in the high mag-
netic field limit host various correlated phenomena includ-
ing Wigner crystallization of electrons, topologically ordered
fractional quantum Hall liquids, and quantum Hall ferromag-
nets. Among such systems, monolayer graphene is distin-
guished by its zero energy Landau level (ZLL), which is
characterized by a near degeneracy of four isospin flavors
arising from the degeneracy between Landau level orbitals
with differing spin and sublattice polarizations. The dom-
inant long-ranged Coulomb interaction does not distinguish
between different spin or sublattice flavors, but favors full po-
larization within the resulting approximately SU(4) symmet-
ric isospin[1]. The direction of polarization is instead set by
competing isospin anisotropies, including both single parti-
cle effects and the anisotropy of the Coulomb interactions at
the scale of the honeycomb lattice. Proposed ground states at
charge neutrality include states characterized by either spin or
sublattice order, such as a canted antiferromagnetic (CAF)[2]
state that breaks spin symmetry and a partially sublattice po-
larized (PSP) density wave[3] that triples the size of the unit
cell.
The CAF and PSP states are direct analogs of the Nee´l
and valence bond solid (VBS) states that arise in studies of
two dimensional quantum magnetism, as noted in a series of
recent theoretical works[4–6]. Within conventional Landau-
Ginzburg-Wilson theory, incompatible symmetry breaking
between the VBS and Nee´l phases (real-space and spin, re-
spectively) require a first order transition. However, un-
usual critical phases allowing for a continuous transition have
been proposed[7], as well as first order transitions with emer-
gent symmetry at the critical point[5]. Realizing the PSP-
CAF transition in monolayer could allow direct experimental
probes of this unconventional quantum phase transition.
Here we report the observation of an isospin transi-
tion in monolayer graphene associated with the PSP-CAF
phase boundary, realized by balancing intrinsic antiferro-
magnetic interaction anisotropy[7] against a substrate-induced
sublattice-symmetry breaking gap[9, 10]. The transition is
marked by the appearance—and subsequent disappearance—
of even-denominator fractional quantum Hall (EDFQH) states
at ν = ±1/2 and ±1/4, coincident in magnetic field with
weakening of nearby odd denominator fractional quantum
Hall (ODFQH) states. We observe similar phenomenology in
three monolayer graphene samples (A, B, and C) fabricated
by encapsulating the graphene flake between single crystal
hexagonal boron nitride gate dielectrics and single crystal
graphite electrostatic gates[11, 12]. Across all devices, the
isospin transition magnetic field varies by a factor of 5, and
is directly correlated with sublattice splitting ∆AB , as ex-
pected from a mean field analysis of the proximal charge neu-
tral state[5, 6]. However, as we describe below, the details of
the ODFQH, and indeed the very existence of EDFQH states
are not captured by currently available theory for fractional
quantum Hall states in monolayer graphene[15–19].
Figure 1a shows penetration field capacitance CP for sam-
ple A, where CP is defined as the differential capacitance be-
tween the top and bottom gates with the graphene held at con-
stant electrical potential[20]. Data are plotted over a range
spanning the ZLL as a function of magnetic field B and nom-
inal charge carrier density n0 = c(vt + vb − 2vs), where
c is the average gate-to-sample geometric capacitance of the
two (nearly symmetric) gates and vt, vb, and vs are the volt-
ages applied to top gate, bottom gate, and sample, respec-
tively. We observe gapped quantum Hall states, which appear
as peaks in the measured signal (see Methods), at integer fill-
ings ν = ±2,±1, 0, as well as at filling factors associated
with integer quantum Hall effects of both two and four-flux
composite fermions[21], |ν − bνc| = pmp±1 , with m = 2, 4
and p large as 7.
Incompressible EDFQH states appear at ν = ±1/2, but
only in a narrow range of magnetic fields (B = 26.5–30 T for
sample A). In contrast, ν = ±3/2 both remain compressible
(Fig. 1b). Incompressible EDFQH states are also observed at
ν = ±1/4 in both Samples A and B, again appearing only for
a small range of magnetic fields (Fig. 2 and Fig. S1). As with
the±1/2 states, EDFQH is observed only near ν = 0, with no
incompressible states observed at ν = ±3/4, ±5/4 or ±7/4.
The appearance of EDFQH states is accompanied by weak-
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FIG. 1. Incompressible FQH states at ν = ±1/2. (a) False color plot of penetration field capacitance CP/c in sample A as a function of
the the magnetic field, B, and the nominal charge density n0 ≡ c(vt +vb−2vs) where vs, vb and vs are the top gate, bottom gate, and sample
voltages, respectively, and c is the average geometric capacitance of the two gates (see Methods). Fractional quantum Hall states appear as
lines of high CP with a slope proportional to their quantized Hall conductivity (see Methods). The dataset spans filling factors ν = [−2, 2],
encompassing the zero energy Landau level. (b) Traces taken at constant B = 28.3 T between filling factor ν = 0 and ν = 2 filling (indicated
by black arrows in a). CP is plotted as a function of relative filling factor ν˜ ≡ ν − bνc, revealing a robust incompressible state at half-filling
of the ν = [0, 1] LL (black line) and a fully compressible state at half filling of the ν = [1, 2] LL (red line).
ening or disappearance of the ODFQH states. This is evi-
dent in the four-flux sequence (Fig. 2) as well as in the two-
flux states near ν = ±1/2, as shown in 3a-d and Fig. S2.
The weakening is more evident at temperatures comparable to
the ODFQH energy gaps, as seen in Fig. S12. The magnetic
field at which we observe the ODFQH weakening or EDFQH
emergence is density dependent in all samples, with weaken-
ing occurring at lower fields for transitions closer to ν = 0
(Fig. 3e-f). No similar weakening is observed for any FQH
states in |ν| ∈ (1, 2), nor for four-flux ODFQH states near
ν = ±3/4 (see Fig. 1a and supplementary Figs. S3-5).
The ν dependence of the anomalous EDFQH and ODFQH
phenomenology is consistent with an underlying isospin
phase transition occurring at ν = 0. The effect of the intrin-
sic anisotropy of the Coulomb interactions strengthens near
charge neutrality, which corresponds to half filling of the ZLL.
At charge neutrality, the phase diagram is dominated by the
effects of these interactions, which also influence the nature
of nearby FQH phases. For example, interaction anisotropies
increase the observed energy gaps for |ν| < 1 FQH states as
compared to 1 < |ν| < 2 states[22, 23], where their absence
permits the formation of large, low energy valley (equivalent
to sublattice) skyrmions in some ODFQH states. In addition,
isospin phase transitions have previously been observed in
monolayer graphene for |ν| < 1, with no corresponding phase
transitions for |ν| > 1[24]. These transitions were explained
as arising from a Zeeman-effect driven crossing of compos-
ite fermion Landau levels associated with the isospin order at
ν = 0[25, 26]. As with the data sets described here, transi-
tions in Ref. 24 occur at higher B for higher |ν|.
However, EDFQH has not been reported among the many
FQH states observed in monolayer graphene[22–24, 27–29],
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FIG. 2. Incompressible FQH states at ν = ±1/4. (a) False color
plot of CP/c in sample B as a function of ν and B at T=300 mK. In
addition to the ν = −1/4 state, FQH states from the four-flux com-
posite fermion sequence are visible at ν = p
4p+1
, with B-dependent
weakening associated with isospin phase transitions. (b) Similar data
from sample A near ν = +1/4.
nor have EDFQH states been predicted[15, 16, 18, 19, 30–33].
Previous experiments on other quantum Hall systems have re-
vealed contrasting behavior in half-filled Landau levels. In
single layer semiconductor quantum wells, the 2D electron
system is compressible at filling factors ν = 1/2, 3/2 (corre-
sponding to the lowest LL with orbital quantum number N=0)
but forms incompressible FQH states at ν = 5/2, 7/2 in the
first excited LL (orbital quantum number N=1)[34]. In the
MLG ZLL, orbital wave functions are identical to the N=0
LL of conventional semiconductor systems, and so no single-
component even denominator FQH states are anticipated[15–
19]. Multicomponent systems, however, can host a wider vari-
ety of FQH states[35], including at even denominator. Indeed,
EDFQH states at half [36–39] and quarter[40, 41] filling have
been observed in the N=0 LL for structures where electrons
are confined to two spatially separated layers or electronic
subbands.
By analogy with such systems, it seems likely that the ob-
served EDFQH states are multicomponent in nature, occur-
ring at an underlying transition in the isospin order that is
also responsible for the weakening of the ODFQH states. In
this scenario, the EDFQH states incorporate correlations be-
tween multiple nearly degenerate isospin components in the
two phases.
Unfortunately, it is difficult to experimentally determine the
isospin order of the two phases. In addition to the PSP and
CAF phases, the mean field phase diagram of the charge neu-
tral state in monolayer graphene[5, 6] includes a fully sub-
lattice polarized charge density wave (CDW) state and fully
spin polarized ferromagnetic (FM) state, with the latter dis-
tinguished by quantized helical edge states[42, 43]. Previous
experimental[7, 44] and numerical[45] work suggests that the
charge neutral state at high fields is the CAF, which is favored
by the anisotropic Coulomb interactions. Large Zeeman en-
ergy favors the FM state, and an insulator-metal transition was
observed using large in-plane magnetic fields[7]. In devices
rotationally aligned to hexagonal boron nitride substrates, the
zero-B band gap manifests in the ZLL as a large sublat-
tice splitting that favors the CDW state. Experiments[9, 10]
in gapped devices find a charge neutral state that is indeed
gapped continuously from zero- to high-B and is insensitive
to in-plane magnetic fields, consistent with the CDW.
All the devices showing EDFQH states and the isospin tran-
sition share a similar zero-field phenomenology, showing an
insulating gapped state. Figs. 4a-b show low-B Landau fan
plots for samples A and C. The electron system remains in-
compressible, consistent with a single-particle ∆AB[9, 10].
The insulating nature of samples B and C is confirmed by
transport measurements at zero field (Supplementary Fig. S6;
sample A did not have transport contacts). In a fourth sample
showing no measurable sublattice gap, no EDFQH states were
observed (Supplementary Figs. S7-8). As shown in 4c, the
magnetic field at which EDFQH states appear is directly cor-
related with ∆AB as extracted from low-B capacitance data
(see also Figs. S9).
The role of ∆AB in determining the ZLL isospin order
has been considered in bilayer graphene [6], where sublat-
tice splitting can be actuated with applied electric field, but
is equally applicable in the present scenario. In addition to
∆AB , the model accounts for the spin Zeeman effect (with
characteristic energy EZ = gµBB ≈ 1.34K/T ) and valley
anisotropic short range Coulomb interactions, characterized
by energy EV ≈ gi × a`B e
2
`B
≈ gi × .98K/T and parame-
terized by two dimensionless coupling constants, gz and g⊥.
gz and g⊥ are taken as ∆AB- and B-independent constants
whose signs and magnitudes together favor either the CDW,
CAF, FM, or PSP phase. The single-particle EZ favors the F
phase, while ∆AB favors the CDW phase.
Both EV and EZ grow with B while ∆AB is B indepen-
dent. Thus the CDW phase is favored in the low-B limit for
∆AB 6= 0, with phase transitions to EV - or EZ- driven states
possible at higher B. gz and g⊥ are constrained to g⊥ ≈ −10
and gz > −g⊥ from previous experiments[7, 44] (Supple-
mentary information). Figure 4d shows the calculated phase
diagram as a function of ∆AB and B for g⊥ = −10 and
gz = 15. Two phase transitions are evident: a 2nd order tran-
sition from the CDW to PSP phase, corresponding to the cant-
ing of the valley order parameter into the plane, and a 1st order
transition from the PSP to CAF phase. The critical B for both
transitions scales with ∆AB , matching the experimental trend
observed for the EDFQH states (Fig. 4c). The absence of any
measured in-plane magnetic field dependence (Figs. S10-11)
is also consistent with this model, in which the CAF state is
nearly spin unpolarized due to the large value of g⊥. Finally,
the ν dependence (Fig. 3e-f) is qualitatively consistent with
the proposed mechanism: lattice-scale Coulomb anisotropies
weaken with increasing |ν|, so that a larger B is required to
reach the CAF phase.
As the 2nd order CDW-PSP transition is crossed, the out-
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FIG. 3. Odd denominator fractional quantum Hall phase transitions associated with the ν = −1/2 state. (a) CP as a function ofB and
ν in the vicinity of ν = −1/2 state for sample A, taken at T = 1.6 K near B=28T. (b)) Similar data from Sample C, taken at T = 33 mK for
B near 5.6T. (c,d) CP peak height as a function of magnetic field plotted for selected FQH states ν ∈ (−1, 0) for sample A (c) and (d) sample
C, showing the simultaneous strengthening of the even denominator state and weakening of adjacent odd-denominator states. (e) Positions of
minima (maxima) of the odd (even)-denominator FQH states for ν ∈ (−1, 1) in Sample A at T=1.6 K. (f) Similar analysis of sample C at T=
33 mK. The density dependence of the transition field is not captured by our mean field model[5, 6], which would imply that near ν = ±1, the
phase transition should be at arbitrarily high magnetic field. In sample C, two gap closings are observed at ν = ±3/5, while only one a single
gap weakening is observed in sample A.
of-plane valley polarization of the CDW cants into the plane
upon entry to the PSP phase. Charged single-particle exci-
tations from these two states can be expected to be contin-
uously related. Absent distinct excitations at the transition,
there is no basis for constructing multicomponent states. We
thus hypothesize that EDFQH states and ODFQH transitions
are associated with the PSP-CAF phase transition, which is
first order.
The nature of the multicomponent states is transparent in
the absence of both spin canting in the CAF phase and valley
canting in the PSP phase. In this limit, the CDW-AF phase
transition is direct, and increasing B leads to a crossing be-
tween single-electron Landau levels with the same spin but
localized on opposite sublattices (depicted schematically in
Fig. 5). The ν = −1 state is spin and sublattice polarized on
both sides of the transition. Additional electrons enter differ-
ent sublattice orbitals in the two phases—in the CDW, elec-
trons populate the same sublattice, while in the AF regime
they populate the opposite sublattice. Far from the transition,
then, single component FQH states are expected as electrons
fill the lower energy level. Half-filling an additional sublat-
tice branch of lowest Landau level wavefunctions is closely
analagous to the situation in single quantum wells, which re-
sults in a compressible composite fermi liquid as observed in
experiment. Near the transition, however, intersublattice cor-
related states are possible as the energy cost of filling orbitals
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Landau fan in sample A, showing evidence of a large zero-field gap
∆AB induced by sublattice splitting. (b) Similar data for sample C,
showing a much smaller sublattice gap. (c) The estimated gap sizes
for the three measured samples (∆AB plotted against the magnetic
field at which the ν = ±1/2 states are maximal (Bmax). (d) Calcu-
lated phase diagram at ν = 0 for monolayer graphene as a function
of magnetic field B and sublattice splitting ∆AB . The stability of
the canted antiferromagnet (CAF), a sublattice polarized charge den-
sity wave (CDW), and a valley-coherent partially sublattice polarized
phase (PSP) were calculated using anisotropy parameters g⊥ = −10
and gz = 15 [5] (see supplements).
separated in energy is absent. The −1/2 state, for example,
can be interpreted as a paired state of composite fermions[35]
on different sublattices. The ν = +1/2 state is related by
particle-hole conjugation across the full multicomponent Lan-
dau level. We note, however, that current theory does not pro-
vide a reason for why such a gapped state would be favored
over a multicomponent composite Fermi liquid at the transi-
tion.
In addition, a number of experimental details do not fully
conform with the level crossing picture. This is perhaps un-
surprising, as it explicitly neglects the subtle isospin polar-
izations of the CAF and PSP phases. Recent experiments
in graphene and GaAs quantum wells[11, 24, 46, 47] have
studied ODFQH at level crossings tuned by spin-, valley- or
layer-Zeeman energy. In all of these systems, ODFQH charge
gaps repeatedly close and reopen, corresponding to a transfer
of discrete fractional charge at each cyclotron guiding cen-
ter between two or more isospin levels. This leads to simple
counting rules: for a FQH state built by populating ν = m/n
electrons atop a given integer filling, m+ 1 distinct states are
expected.
The observed phenomenology of the ODFQH states devi-
ates from this mean-field composite fermion picture. In the
two-flux sequence, ODFQH transitions do not feature full gap
closing, but rather a weakening of charge gaps to a finite
minimum (Fig. 3a) suggestive of an intermediate, interpolat-
ing phase. In sample C the ±3/5 state does appear to close
(Fig. 3b), although other ODFQH states show similar con-
tinuous crossovers between low- and high-B phases. Where
gaps do close, most notably in the four-flux ODFQH states
(Fig. 2), the simple counting rules are not followed, implying
complex isospin physics. For example, in Fig. 2 three distinct
gapped phases appear at ν = ±1/5. In a single-component
Landau level, 1/5 is the simplest composite fermion 4-flux
state, corresponding to a single filled composite fermion level
and admitting only full isospin polarization absent sponta-
neous coherence. The number of distinct 1/5 states should
thus directly count the number of distinct isospin orders at
charge neutrality, implying an additional phase between PSP
and CAF not predicted by the mean field model. Alternatively,
the ±1/5 phases could be constructed from two component
electron (hole) states built by adding ±4/5 to the ν = ∓1
state. In this case, however, 5 distinct FQH states are expected
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FIG. 5. Sublattice level crossing and multicomponent ν = ±1/2
states. (a) Spin and sublattice polarizations of ν = −1 and ν =
0 integer quantum Hall ferromagnetic states in the low B regime
where the charge neutral ground state is in the CDW phase. (b) Spin
and sublattice polarizations of ν = −1 and ν = 0 integer quantum
Hall ferromagnetic states in the high B regime, where the charge
neutral ground state is in the AF phase. (c) Level crossing at ν =
−1/2 (an identical scenario obtains at ν = +1/2 by particle-hole
conjugation across the ZLL). The ν = −1 state is identical in both
cases, consisting of a single fully sublattice- and spin-polarized LL,
denoted | ↑ A〉. On the CDW side of the transition, ν = −1/2
consists of an additional half filled | ↓ A〉 LL, while in the AF the half
filled orbital is on the opposite sublattice, | ↓ B〉; in both cases, half
filling of a LL leads to compressible behavior. When the two levels
are nearly degenerate, Coulomb interactions favor a paired state with
equal sublattice occupation (νA, νB) = (1 + 1/4, 1/4). Bold lines
indicate filled levels, the | ↓ A〉 and | ↓ B〉 levels are pictured as four
branches to depict partial occupation.
6rather than the three observed. Of course, the absence of sim-
ilar phenomenology at ν = ±1/3, the two-flux equivalent of
the ±1/5 states, also remain unexplained in the simple com-
posite fermion picture.
Recent theoretical studies of the PSP-CAF transition have
begun to address the shortcomings of mean field theory at
the PSP-CAF transition. Some authors have proposed that
quantum fluctuations destroy the first order phase transi-
tion, leading to a deconfined critical point between the two
phases[4, 6], while others suggest the first order phase tran-
sition survives but with an enlarged symmetry of low energy
isospin rotations[5]. In light of the present results, thermal
transport measurements can be used to directly search for low-
energy neutral excitations indicative of the predicted critical
phases at ν = 0. Others have addressed the intricate interplay
of symmetry breaking and fractional quantum Hall physics
near this transition, which can lead to new filling-factor de-
pendent isospin phases[25, 26]. However, none have directly
addressed the possibility of EDFQH states. We expect that
future theoretical and experimental work—for example, mea-
surements of tunneling exponents of EDFQH edge states—
will be able to resolve the nature of these new phases.
Acknowledgements
The authors acknowledge discussions with D. Abanin, G.
Murthy, Z. Papic, I. Sodemann, and M. Zaletel and the ex-
perimental assistance of Scott Hannahs. Magnetocapacitance
measurements were funded by the NSF under DMR-1654186.
A portion of the nanofabrication and transport measurements
were funded by ARO under proposal 69188PHH. AFY ac-
knowledges the support of the David and Lucile Packard
Foundation. EMS acknowledges the support of the Elings Fel-
lowship. The research reported here made use of shared facil-
ities of the UCSB MRSEC (NSF DMR 1720256), a member
of the Materials Research Facilities Network (www.mrfn.org).
Measurements above 14T were performed at the National
High Magnetic Field Laboratory, which is supported by Na-
tional Science Foundation Cooperative Agreement No. DMR-
1157490 and the State of Florida. K.W. and T.T. acknowl-
edge support from the Elemental Strategy Initiative conducted
by the MEXT, Japan and JSPS KAKENHI grant number
JP15K21722.
[1] Kentaro Nomura and Allan H. MacDonald. Quantum Hall Fer-
romagnetism in Graphene. Phys. Rev. Lett., 96(25), June 2006.
[2] Igor F. Herbut. Theory of integer quantum Hall effect in
graphene. Phys. Rev. B, 75(16), April 2007.
[3] Kentaro Nomura, Shinsei Ryu, and Dung-Hai Lee. Field-
Induced Kosterlitz-Thouless Transition in the N=0 Landau Level
of Graphene. Phys. Rev. Lett., 103(21), November 2009.
[4] Junhyun Lee and Subir Sachdev. Deconfined criticality in bilayer
graphene. Physical Review B, 90(19):195427, November 2014.
[5] Fengcheng Wu, Inti Sodemann, Yasufumi Araki, Allan H. Mac-
Donald, and Thierry Jolicoeur. SO(5) symmetry in the quantum
Hall effect in graphene. Physical Review B, 90(23):235432, De-
cember 2014.
[6] Junhyun Lee and Subir Sachdev. Wess-Zumino-Witten Terms
in Graphene Landau Levels. Physical Review Letters,
114(22):226801, June 2015.
[7] T. Senthil, Ashvin Vishwanath, Leon Balents, Subir Sachdev,
and Matthew P. A. Fisher. Deconfined Quantum Critical Points.
Science, 303(5663):1490–1494, March 2004.
[8] A. F. Young, J. D. Sanchez-Yamagishi, B. Hunt, S. H. Choi,
K. Watanabe, T. Taniguchi, R. C. Ashoori, and P. Jarillo-Herrero.
Tunable symmetry breaking and helical edge transport in a
graphene quantum spin Hall state. Nature, 505(7484):528–532,
January 2014.
[9] B. Hunt, J. D. Sanchez-Yamagishi, A. F. Young, M. Yankowitz,
B. J. LeRoy, K. Watanabe, T. Taniguchi, P. Moon, M. Koshino,
P. Jarillo-Herrero, and R. C. Ashoori. Massive Dirac Fermions
and Hofstadter Butterfly in a van der Waals Heterostructure.
Science, 340:1427–1430, 2013.
[10] F. Amet, J. R. Williams, K. Watanabe, T. Taniguchi, and
D. Goldhaber-Gordon. Insulating Behavior at the Neutral-
ity Point in Single-Layer Graphene. Physical Review Letters,
110(21):216601, May 2013.
[11] A. A. Zibrov, C. Kometter, H. Zhou, E. M. Spanton,
T. Taniguchi, K. Watanabe, M. P. Zaletel, and A. F. Young. Tun-
able interacting composite fermion phases in a half-filled bilayer-
graphene Landau level. Nature, 549(7672):360–364, September
2017.
[12] J. I. A. Li, C. Tan, S. Chen, Y. Zeng, T. Taniguchi, K. Watanabe,
J. Hone, and C. R. Dean. Even denominator fractional quantum
Hall states in bilayer graphene. Science, page eaao2521, October
2017.
[13] Maxim Kharitonov. Phase diagram for the ν=0 quantum Hall
state in monolayer graphene. Phys. Rev. B, 85(15):155439, April
2012.
[14] Maxim Kharitonov. Canted Antiferromagnetic Phase of the
ν=0 Quantum Hall State in Bilayer Graphene. Physical Review
Letters, 109(4):046803, July 2012.
[15] Vadim M. Apalkov and Tapash Chakraborty. Fractional Quan-
tum Hall States of Dirac Electrons in Graphene. Physical Review
Letters, 97(12):126801, September 2006.
[16] Csaba Toke and J. K. Jain. Theoretical study of even denom-
inator fractions in graphene: Fermi sea versus paired states of
composite fermions. Phys. Rev. B, 76(8), August 2007.
[17] D. A. Abanin, I. Skachko, X. Du, E. Y. Andrei, and L. S. Lev-
itov. Fractional quantum Hall effect in suspended graphene:
Transport coefficients and electron interaction strength. Phys.
Rev. B, 81, 2010.
[18] Z. Papic, R. Thomale, and D. A. Abanin. Tunable Electron
Interactions and Fractional Quantum Hall States in Graphene.
Phys. Rev. Lett., 107(17), October 2011.
[19] Michael R. Peterson and Chetan Nayak. Effects of Landau
Level Mixing on the Fractional Quantum Hall Effect in Mono-
layer Graphene. Physical Review Letters, 113(8):086401, Au-
gust 2014.
[20] J. P. Eisenstein, L. N. Pfeiffer, and K. W. West. Negative com-
pressibility of interacting two-dimensional electron and quasi-
particle gases. Phys. Rev. Lett., 68(5):674–677, February 1992.
[21] J. K. Jain. Composite-fermion approach for the fractional quan-
tum Hall effect. Phys. Rev. Lett., 63(2), July 1989.
[22] C. R. Dean, A. F. Young, P. Cadden-Zimansky, L. Wang,
H. Ren, K. Watanabe, T. Taniguchi, P. Kim, J. Hone, and K. L.
Shepard. Multicomponent fractional quantum Hall effect in
7graphene. Nature Physics, 7(9):693–696, 2011.
[23] Benjamin E. Feldman, Benjamin Krauss, Jurgen H. Smet, and
Amir Yacoby. Unconventional Sequence of Fractional Quantum
Hall States in Suspended Graphene. Science, 337(6099):1196–
1199, October 2012.
[24] Benjamin E. Feldman, Andrei J. Levin, Benjamin Krauss,
Dmitry A. Abanin, Bertrand I. Halperin, Jurgen H. Smet, and
Amir Yacoby. Fractional Quantum Hall Phase Transitions
and Four-Flux States in Graphene. Physical Review Letters,
111(7):076802, August 2013.
[25] Dmitry A. Abanin, Benjamin E. Feldman, Amir Yacoby, and
Bertrand I. Halperin. Fractional and integer quantum Hall ef-
fects in the zeroth Landau level in graphene. Physical Review B,
88(11):115407, September 2013.
[26] I. Sodemann and A. H. MacDonald. Broken SU(4) Symmetry
and the Fractional Quantum Hall Effect in Graphene. Physical
Review Letters, 112(12):126804, March 2014.
[27] K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G. Fudenberg,
J. Hone, P. Kim, and H. L. Stormer. Ultrahigh electron mobility
in suspended graphene. Solid State Communications, 146,:351–
355, February 2008.
[28] Xu Du, Ivan Skachko, Fabian Duerr, Adina Luican, and Eva Y.
Andrei. Fractional quantum Hall effect and insulating phase
of Dirac electrons in graphene. Nature, 462(7270):192–195,
November 2009.
[29] F. Amet, A. J. Bestwick, J. R. Williams, L. Balicas, K. Watan-
abe, T. Taniguchi, and D. Goldhaber-Gordon. Compos-
ite fermions and broken symmetries in graphene. Nature
Communications, 6:5838, January 2015.
[30] Csaba Toke and J. K. Jain. SU(4) composite fermions in
graphene: Fractional quantum Hall states without analog in
GaAs. Phys. Rev. B, 75(24), 2007.
[31] Naokazu Shibata and Kentaro Nomura. Fractional Quantum
Hall Effects in Graphene and Its Bilayer. Journal of the Physical
Society of Japan, 78(10), 2009.
[32] Z. Papic, M. O. Goerbig, and N. Regnault. Atypical Fractional
Quantum Hall Effect in Graphene at Filling Factor 1/3. Phys.
Rev. Lett., 105(17), October 2010.
[33] Csaba Toke and Jainendra K. Jain. Multi-component fractional
quantum Hall states in graphene: SU(4) versus SU(2). May
2011.
[34] R. Willett, J. P. Eisenstein, H. L. Stormer, D. C. Tsui, A. C.
Gossard, and J. H. English. Observation of an even-denominator
quantum number in the fractional quantum Hall effect. Phys.
Rev. Lett., 59(15), 1987.
[35] B. I. Halperin. Theory of the quantized Hall conductance. Helv.
Phys. Acta, 56:75–102, 1983.
[36] Y. W. Suen, L. W. Engel, M. B. Santos, M. Shayegan, and
D. C. Tsui. Observation of a ν=1/2 fractional quantum Hall
state in a double-layer electron system. Physical Review Letters,
68(9):1379–1382, March 1992.
[37] J. P. Eisenstein, G. S. Boebinger, L. N. Pfeiffer, K. W. West,
and Song He. New fractional quantum Hall state in double-layer
two-dimensional electron systems. Physical Review Letters,
68(9):1383–1386, March 1992.
[38] Y. Liu, S. Hasdemir, D. Kamburov, A. L. Graninger, M.
Shayegan, L. N. Pfeiffer, K. W. West, K. W. Baldwin, R. Win-
kler. Even-denominator fractional quantum Hall effect at a Lan-
dau level crossing. Physical Review B, 89(16):165313, April
2014.
[39] Y. Liu, A. L. Graninger, S. Hasdemir, M. Shayegan, L. N. Pfeif-
fer, K. W. West, K. W. Baldwin, R. Winkler. Fractional quan-
tum Hall effect at ν = 1/2 in hole systems confined to GaAs
quantum wells. Physical Review Letters, 112(4):046804, Jan-
uary 2014.
[40] D. R. Luhman, W. Pan, D. C. Tsui, L. N. Pfeiffer, K. W. Bald-
win, and K. W. West. Observation of a Fractional Quantum Hall
State at ν=1/4 in a Wide GaAs Quantum Well. Physical Review
Letters, 101(26):266804, December 2008.
[41] J. Shabani, T. Gokmen, Y. T. Chiu, and M. Shayegan. Evidence
for Developing Fractional Quantum Hall States at Even Denom-
inator 1/2 and 1/4 Fillings in Asymmetric Wide Quantum Wells.
Physical Review Letters, 103(25):256802, December 2009.
[42] Dmitry A. Abanin, Patrick A. Lee, and Leonid S. Levitov. Spin-
Filtered Edge States and Quantum Hall Effect in Graphene. Phys.
Rev. Lett., 96(17), May 2006.
[43] H. A. Fertig and L. Brey. Luttinger Liquid at the Edge of Un-
doped Graphene in a Strong Magnetic Field. Phys. Rev. Lett.,
97(11), October 2006.
[44] Joseph G. Checkelsky, Lu Li, and N. P. Ong. Zero-Energy State
in Graphene in a High Magnetic Field. Phys. Rev. Lett., 100(20),
May 2008.
[45] J. Jung and A. H. MacDonald. Theory of the magnetic-field-
induced insulator in neutral graphene sheets. Phys. Rev. B,
80(23), December 2009.
[46] Patrick Maher, Lei Wang, Yuanda Gao, Carlos Forsythe,
Takashi Taniguchi, Kenji Watanabe, Dmitry Abanin, Zlatko
Papic, Paul Cadden-Zimansky, James Hone, Philip Kim, and
Cory R. Dean. Tunable fractional quantum Hall phases in bi-
layer graphene. Science, 345(6192):61–64, 2014.
[47] Yang Liu, S. Hasdemir, J. Shabani, M. Shayegan, L. N. Pfeif-
fer, K. W. West, and K. W. Baldwin. Multicomponent fractional
quantum Hall states with subband and spin degrees of freedom.
Physical Review B, 92(20):201101, November 2015.
1Supplemental Materials: Even denominator fractional quantum Hall states at an isospin transition
in monolayer graphene
CONTENTS
Acknowledgements 6
References 6
Materials and Methods 1
Supplementary Figures 1
Calculation of ν = 0 phase diagram 12
References 13
MATERIALS AND METHODS
We used the van der Waals dry transfer method to assemble graphite/hBN/MLG/hBN/graphite heterostructures. Graphite
contact(s) were incorporated in the stack to contact the dual-gated monolayer. hBN thicknesses of 40-60 nm were used, while
graphite contacts and gates were between 3 nm and 10 nm thick. In samples A-C, windows to the graphite contacts and gates
were etched in a Xetch-X3 xenon difluoride etching system, a selective hBN etch, and defluorinated with a 400◦C anneal in
forming gas. The gates and contacts were then contacted Ti/Au (5nm/100nm) contacts. In sample D, edge contacts [S1] to the
graphite were made with Cr/Pd/Au (3nm/15nm/80nm). Optical images of the four measured devices are shown in Fig. S14.
Measurements below B = 14 T were performed in a top-loading Bluefors dry dilution refrigerator. Reported temperatures
were measured using a ruthenium oxide thermometer attached to the cold finger. Higher magnetic field measurements were
performed at the National High Magnetic Field Lab in Tallahassee in a 35 T resistive magnet and 45 T hybrid magnet, in He-3
fridges with a nominal base temperature of 0.3 K. We performed measurements of the penetration field capacitance (CP ) as a
function of magnetic field and gate voltages to probe incompressible/insulating states. This measurement technique is outlined
in Fig. S13 and described in detail in Ref. [S2] and references therein. Unless otherwise noted, measurements were performed
above the low frequency limit (at f = 60-100 kHz), i.e. there is an out of phase dissipative signal associated with many of
the observed gapped states. In this frequency regime, an elevated CP indicates a combination of incompressibility and bulk
insulating behavior, both are an indication of gapped states[S3]. We focus on gapped states at fixed filling factor, which, by
arguments first proven by Streda[S4], have quantized Hall conductance equal to their slope in the n-B plane.
In. Fig.2a, a fixed filling factor running average of 3 pixels was used to remove line noise which obscured some weaker
features. In Fig.3 c-d, a fixed filling factor running average of 5 pixels was used to remove line noise.
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chosen to ensure sufficient conductivity to reach the low-frequency regime[S3]: as T → 0 the gapped bulk becomes exponentially insulating
and the measured penetration field capacitance is no longer an accurate probe of density of states (see Methods). (c) Thermodynamic gap as a
function of magnetic field for ν = −1/2, ν = −3/7 and ν = −4/9 at T=1.6 K. At its largest ∆µ−1/2 = 2.8K ≈ ∆µ−4/9.
10
1 
kΩ
vbias vt
dvexdvstd
dvout
FH
X3
5X
Base temperature
C(
2)
C s
td
FIG. S13. Measurement schematic. The penetration field capacitance CP is measured in a capacitance bridge configuration against a fixed,
on-chip reference capacitor Cstd. A fixed AC excitation is applied to the sample (dvexc) and a variable phase and amplitude ac excitation of
the same frequency (dvstd) is applied to the reference capacitor to balance the capacitance bridge. The voltage at the balance point is amplified
by a low temperature transistor (FHX35X) which is biased with a 1 kΩ resistor. In the measurements presented here, the bridge is balanced at
the beginning of a measurement at a fixed location and deviations from balance are measured as the dc voltages of the sample and/or gate are
swept.
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FIG. S14. Optical images of the measured samples. a-d. Optical images of samples A-D, respectively. Scale bar is 20 µm.
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CALCULATION OF ν = 0 PHASE DIAGRAM
Here we describe the calculation of the ν = 0 phase diagram, based on the model outlined in [S5]. This model, originally
intended for bilayer graphene, is in fact a generalization of a monolayer model[S6] to include a valley Zeeman that neglects
bilayer physics, such as the orbital degeneracy, that would make it inapplicable to monolayer. Within this model, there are
four phases: a spin polarized, valley-singlet Ferromagnet (F), a valley polarized, spin-singlet lattice-scale charge density wave
(CDW), a canted antiferromagnet that is partially spin polarized and valley unpolarized (CAF), and a spin-singlet partially
sublattice polarized phase (PSP), in which the valley polarization lies somewhere between the z-axis and the xy-plane. In the
limit of ∆AB = 0, the PSP phase becomes full sublattice unpolarized (with valley polarization lying in the plane). This phase
is known as the Kekule distorted phase (KD) in the literature, and in this limit, the KD-CDW phase transition is also first order.
Following the terminology of reference [S5], the PSP phase is analogous to the partially layer polarized phase (PLP) while the
CDW phase is analogous to the Fully Layer Polarized (FLP) phase.
The energies of the different phases, and their phase boundaries, are obtained by calculating the energy expressions for explicit
forms of the isospin wavefunctions in the expressions provided in [S5]. They are:
phase energy condition
F −2Z − 2u⊥ − uz
CDW uz − 2∆AB
CAF −uz − 
2
Z
2|u⊥| 0 < − Z2u⊥ < 1
PSP u⊥ − ∆
2
AB
uz+|u⊥|
∆AB
uz+|u⊥| < 1
(S1)
Here ∆AB is the single particle AB sublattice splitting; Z is the Zeeman energy, and uz,⊥ = gz,⊥ a`B
22
`B
are the anisotropic
interaction energies as described in the main text.
The energies depend on four parameters: gz , g⊥, Z , and ∆AB . Z = gµBBT follows from the fact that spin-orbit coupling
is exceptionally weak in graphene, so that g = 2. ∆AB we estimate from the low field behavior in each device, giving ∼25mV
for device A and ∼2 meV for device B, and ∼0mV for device C. Phase diagrams in the g⊥ − gz plane for different values of
∆AB are shown in Fig. S15.
ba
20
-20
-10
0
10
-20 2010010
gz
g ⟂
20
-20
-10
0
10
-20 2010010
gz
g ⟂
20
-20
-10
0
10
-20 2010010
gz
g ⟂
CDW CDW
CDW
F
FF
PSP
KD
PSP
CAF
CAFCAF
c
FIG. S15. Phase diagram for different values of ∆AB . (a) For ∆AB = 0, the phase diagram is magnetic field independent and the CDW-KD
transition is first order. (b) Finite ∆AB = 10 meV stabilizes the CDW phase while transforming the CDW-KD phase transition to 2nd order.
(c) ∆AB = 20 meV.
The interaction anisotropy parameters are more difficult to estimate, and follow from knowledge of the ν = 0 phase diagram.
For example the phase transition from the CAF to the F occurs at up = −Z/2, and can thus be tuned by varying the total- and in-
plane magnetic fields independently. Notably, these are determined at high energies, and are unlikely to be affected significantly
by low energy band structure effects such as the presence of a ∆AB gap, allowing us to estimate them from experiments on
∆AB = 0 samples. Reference [S7] reported this crossover at out-of-plane magnetic fields of B⊥ ≈ 1T and total magnetic field
13
BT ≈ 25T in single-gated graphene devices. From this measurement, we estimate
u⊥ =
Z
2
(S2)
g⊥
a
`B⊥
e2
hBN+vac
2 `B⊥
= −gµBBT
2
(S3)
g⊥ ≈ −10 (S4)
where we use the in-plane dielectric constant of hBN, hBN = 6.6, most relevant for screening of Coulomb interactions.
This leaves gz as a free parameter. We assume that gapless (∆AB = 0), neutral graphene at high field is in the CAF state.
The evidence for this is somewhat circumstantial: based solely on [S7], the KD phase cannot be excluded. However, as will be
evident below, if this is not the case then no phase transition to the CAF in the current experiment would be possible, inconsistent
with our observation of first-order phase transitions in the FQH regime. From Eq. S1, we can derive the following constraints:
ECAF < EF ECAF < EKD (S5)
−uz − 
2
Z
2|u⊥| < −2Z − 2u⊥ − uz −uz −
2Z
2|u⊥| < u⊥ (S6)
u⊥ < −1 +
√
2
2
Z uz >
2Z − 2u2⊥
2u⊥
(S7)
g⊥ . −1.7 gz & −g⊥ + .93
g⊥
(S8)
As described in the main text, with the exception of ∆AB ,
all the anisotropy energies are linear in B. Thus the low B
limit is equivalent to very large ∆AB , where we expect the
CDW ground state to prevail. Conversely, the high B limit in
our device is equivalent to the low ∆AB limit in [S5]. Figure
S16 shows the phase diagram for different values of gz . For
choices of gz such that the ‘natural’ state is indeed the CAF,
this state will obtain at the highest magnetic field, with the
magnetic field required tuned by gz as well as ∆AB .
[S1] L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran,
T. Taniguchi, K. Watanabe, L. M. Campos, D. A. Muller,
J. Guo, P. Kim, J. Hone, K. L. Shepard, and C. R. Dean. One-
Dimensional Electrical Contact to a Two-Dimensional Mate-
rial. Science, 342(6158):614–617, November 2013.
[S2] Alexander A. Zibrov, C. Kometter, T. Taniguchi, K. Watanabe,
M. Zaletel, and Andrea F. Young. Robust nonabelian ground
states and continuous quantum phase transitions in a half filled
bilayer graphene Landau level. arXiv:1607.06461, 2016.
[S3] R. K. Goodall, R. J. Higgins, and J. P. Harrang. Capaci-
tance measurements of a quantized two-dimensional electron
gas in the regime of the quantum Hall effect. Phys. Rev. B,
31(10):6597–6608, May 1985.
[S4] P. Streda. Quantised Hall effect in a two-dimensional periodic
potential. J. Phys. C: Solid State Phys., 15, 1982.
[S5] Maxim Kharitonov. Canted Antiferromagnetic Phase of the
=0 Quantum Hall State in Bilayer Graphene. Physical Review
Letters, 109(4):046803, July 2012.
[S6] Maxim Kharitonov. Phase diagram for the =0 quantum Hall
state in monolayer graphene. Phys. Rev. B, 85(15), April 2012.
[S7] A. F. Young, J. D. Sanchez-Yamagishi, B. Hunt, S. H. Choi,
K. Watanabe, T. Taniguchi, R. C. Ashoori, and P. Jarillo-
Herrero. Tunable symmetry breaking and helical edge transport
in a graphene quantum spin Hall state. Nature, 505(7484):528–
532, January 2014.
14
0 10 20 30 40
0
10
20
30
40
∆AB, meV
B,
  T
0 10 20 30 40
0
10
20
30
40
B,
  T
0 10 20 30 40
0
10
20
30
40
B,
  T
∆AB, meV∆AB, meV
CDW CDW CDW
PSPPSPPSP
CAF
CAF
ba c
FIG. S16. Phase diagram in the B-∆AB plane. Theoretically calculated phase diagram for (a) gz=15, (b) gz=10, and (c) gz=5.
